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A novel APA-based prognostic signature may
predict the prognosis of lung adenocarcinoma in
an East Asian population
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Yan Zhou,' Yang Dong," Yutong Wu,! Qiong Chen," Xiaobo Tao,' Tian Tian,' Lei Zhang,"* Jiahua Cui,"*
and Minjie Chu™4*

SUMMARY

The role of alternative polyadenylation (APA) in tumor development is becoming increasingly evident, but
the impact of APA events on the prognosis of LUAD patients is unclear. Therefore, in the present study,
we aimed to analyze specific APA events in LUAD to identify novel prognostic biomarkers for LUAD. We
first identified prognostic candidate genes for LUAD associated with APA events and validated them in
both the East Asian and the USA cohorts, finding that five genes (DCUN1D5, PSMC4, TFAM, THRA,
and TMEM100) were of prognostic significance in both populations. Based on this, an APA-based prog-
nostic signature was constructed for the East Asian population. The predictive accuracy of the prognostic
signature was further evaluated by the time-dependent ROC, with 1-, 2-, and 3-year AUCs of 0.86, 0.81,
and 0.71, respectively. This study may provide new markers for individualized diagnosis and prognostic
assessment of LUAD and potential targets for precision treatment.

INTRODUCTION

Non-small cell lung cancer (NSCLC) is the most common subtype of lung cancer and the leading cause of cancer-related deaths worldwide.'
In recent years, the number of lung adenocarcinoma (LUAD) cases has increased rapidly and has surpassed squamous cell carcinoma (LUSC)
to become the most common clinicopathologic type of NSCLC.”* LUAD generally has mild early symptoms, late onset of clinical symptoms,
and a high degree of malignancy. The side effects and drug resistance of conventional chemotherapy and other treatment modalities lead to
an overall 5-year survival rate of less than 20% for patients with LUAD."** However, stage | lung cancer patients who underwent surgical resec-
tion showed a high 5-year survival rate of 92%,” which proves the importance of early diagnosis and timely treatment for the prognosis of
LUAD patients. The prognosis of LUAD is associated with various factors, such as TNM stage, degree of tumor differentiation, and pathologic
subtype.® These factors are widely used to guide clinical decision-making. However, they are not yet sufficient to accurately assess the prog-
nosis of patients with this disease due to the lack of understanding of the biological characteristics of LUAD, limiting the further improvement
of treatment outcomes. Therefore, it is necessary to elucidate the underlying molecular mechanisms of LUAD in order to identify relevant
prognostic genes for early detection, early diagnosis, and better prognosis.

Alternative polyadenylation (APA) is a widespread post-transcriptional regulatory mechanism for genes. Over 70% of human genes have
multiple poly(A) sites and not all of them.” The APA event for most genes occurs at the 3'UTR of the transcript, known as the untranslated
region APA (UTR-APA), which produces transcripts encoding the same protein but containing different lengths of the 3'UTR. This is because
genes usually have multiple polyadenylation sites. Different sites are selected for cleavage and addition of poly(A) tails, catalyzed by polya-
denylate polymerase so that different transcripts have different lengths. The length of the 3'UTR usually alters the secondary structure of the
RNA and contains additional regulatory elements such as microRNA (miRNA) binding sites and RNA-binding protein (RBP) recognition sites.
As a result, UTR-APA may affect mRNA's stability, localization and translation efficiency.®”

In recent years, the role of APA in the occurrence of tumors, cancer development, and phenotypes is increasingly apparent. A series of
studies have revealed that the shorter 3'UTRs are more conducive to releasing proto-oncogenes from the repressive effects of miRNAs, which
in turn enhances MRNA stability and expression levels to promote cancer development.'”'" For example, widespread proximal poly(A) site
utilization has been observed in cancer cells from various tissues, including the thymus, colon, liver, kidney and Iung.w However, compared
with some tumor types, lung cancer has more shortening 3'UTR events,'? APA site-switching of 3'UTR is prevalent in NSCLC, such as CSTF2
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may play a vital role in the regulation of 3'UTR length in cancer cells as an oncogene driving NSCLC carcinogenesis.* Oncogene CSNK1D in
lung cancer tissues is usually sheared at the proximal poly(A) site, resulting in cancer tissues with multiple short 3’ UTR events.'® Moreover, our
previous two-stage case-control study found that the variant G allele of apaQTL-SNP rs10138506 in CHURC1 was significantly associated with
an increased risk of LUAD."® These pieces of evidence suggest that APA-mediated regulation of gene expression may play an essential role in
the development of lung cancer.

Besides, the selection of APA sites is also closely related to the prognosis of cancer. Several studies have revealed the prognostic role of
APA events in different cancers. Zhang et al. used the prognostic characteristics of associated APA events as a predictor of survival and treat-
ment in rectal cancer patients,'” and Wang et al. developed an APA event-based model for predicting the efficacy of immunotherapy, demon-
strating the clinical application of APA events as potential biomarkers in cancer immunotherapy.'® Therefore, APA may become a new and
potential biomarker for disease prevention and treatment. However, relevant analyses addressing the prognosis of APA events in LUAD are
still lacking, especially in East Asian populations.

In the present study, we aimed to identify novel prognostic biomarkers of LUAD using bioinformatics tools and data to deeply analyze
specific APA events in LUAD. First, we downloaded LUAD genes associated with APA events from a publicly available database by Xiang
et al.’” Subsequently, we screened for prognosis-related APA events and identified genes differentially expressed in tumor tissues and adja-
cent non-tumor tissues. Finally, these LUAD prognosis-related genes were validated and a prognostic signature based on APA in East Asian
populations was constructed. Our research identifies prognostic genes associated with LUAD, advances our understanding of the molecular
mechanisms underlying LUAD progression, unveils the potential role of APA in regulating LUAD prognosis.

RESULTS
Integrated screening for LUAD prognosis-related genes

In this study, we identified candidate prognostic genes for LUAD associated with specific APA events by several computational methods. The
study design is shown in Figure 1. The original gene data obtained from publicly available databases were screened for a total of 518 LUAD
genes that were significantly associated with APA events (|Rs|>0.3 and Prpr<0.05). Each gene was subjected to survival analysis, first grouped
according to PDUI values to plot Kaplan-Meier survival curves, and a total of 246 genes were screened (Log rank p < 0.05). Then, these genes
were grouped by gene expression for survival analysis and survival curves were plotted. The significance of differences in OS between groups
was tested by Log rank test, with a total of 143 genes associated with survival being identified (Log rank p < 0.05). The PDUI values of 143
genes are shown in Table S1. Next, the LUAD differentially expressed genes were screened. A total of 106 pairs of LUAD tumor tissues
and adjacent non-tumor tissues were analyzed, including 57 pairs from the TCGA database and 49 pairs from the LUAD database of the Chi-
nese population.'? By overlapping the genes screened in the two databases, 23 prognostic candidate genes for LUAD with APA events were
selected.

We performed a final screening step to ensure that candidate prognostic genes fit the regulation mechanism of APA events. The presence
of the APA site allows mRNA to produce mRNA isoforms with different lengths of the 3'UTR, broadly classified into two isoforms: long and
short. This can directly affect the stability and expression level of mRNA. If the gene tends to use the distal poly(A) site, a transcript with a
longer 3'UTR will be produced. This makes it subject to more negative regulation by miRNAs. When the gene is an oncogene, miRNAs
can bind to the longer 3'UTR of the oncogenes. As a result, miRNAs may inhibit translation of oncogenes or target mRNAs for degradation,
resulting in reduced expression of oncogenes.

In contrast, APA-driven shortening of the 3'UTR can eliminate the target of the miRNA, which may lead to increased oncogene mRNA
expression; when the gene is an oncogene, the higher survival rate in the high PDUI group in the survival curve graph. This is because,
with a PDUI value close to 1, the gene tends to utilize the distal poly(A) site, producing a longer 3'UTR transcript and reducing mRNA expres-
sion. Conversely, a PDUI value close to 0 means that the gene utilizes the proximal poly(A) site, resulting in a lower survival rate for the low
PDUI group of oncogenes in the survival curve. Therefore, candidate prognostic genes should fit the specific regulatory pattern of APA events.
For example, suppose this gene is up-regulated in cancerous tissue. In that case, it will have a higher survival rate among the group with high
PDU! in the survival curve and a lower survival rate among the group with high expression. Finally, a total of eleven candidate genes were
screened. The differential expression of these genes in the tumor tissues and adjacent non-tumor tissues is shown in Table 1. Nine genes
were up-regulated compared to the adjacent non-tumor tissues, and two were down-regulated in the tumor tissues.

Moreover, their differential expression in the TCGA and LUAD databases of the Chinese population was consistent (Figure 2; Figure 3).
Kaplan-Meier survival curves for the eleven genes plotted based on the optimal cut-off values of PDUI values dividing LUAD patients into high
and low groups are shown in Figure 4. The Kaplan-Meier survival curves for the eleven genes plotted for LUAD patients divided into high and
low groups based on the optimal cut-off values for gene expression are shown in Figure 5. The differences in survival time distributions be-
tween the two groups were statistically significant and consistent with a specific regulation pattern of APA events. It is worth noting that eight
of the candidate genes also differed statistically significantly (p < 0.05) in the Chinese population for expression of the associated proteins
(Figure 6).

Validation of candidate prognostic genes

To verify whether the eleven candidate genes could also have prognostic value in other population cohorts, we downloaded gene
expression profiles and clinical survival information from GEO for the East Asian cohort® and the USA cohort.?! In the East Asian pop-
ulation, we selected 204 LUAD patients with reliable prognostic information and validated them by COX regression analysis. The
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Figure 1. The screening process of LUAD prognostic genes associated with APA events
LUAD, lung adenocarcinoma; APA, alternative polyadenylation; RS, spearman correlation; FDR, false discovery rate; PDUI, the percentage of distal poly(A) site
usage index; TCGA, The Cancer Genome Atlas; FC, fold change.

results showed that there were seven LUAD prognosis-related genes (p < 0.05). Of these, five genes were poor prognostic factors
(HR > 1) and two genes were favorable prognostic factors (HR < 1). In the USA population, we selected 331 LUAD patients with com-
plete clinical information for validation, and the results showed a total of eight LUAD prognosis-associated genes (p < 0.05). Of these,
six genes were poor prognostic factors (HR > 1) and two genes were favorable prognostic factors (HR < 1). A comprehensive analysis
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Table 1. Specific information on PDUI values and differential expression of eleven candidate genes

PDUI value TCGA database LUAD database in Chinese population (GSE140343)
M Regulated Expression® Regulated

Gene Tumor Normal Tumor Normal PP direction  Tumor Normal PP direction

CIGALTT 0272+ 0420+ 0533+ 0392+ 639x10° UP 0.235 + 0.119 + 1.54 x 1074 uP
0.089 0.088 0.200 0.109 0.181 0.081

CISD2 0.022 + 0.043 + 0497 + 0264 + 2.07 x 10" UP 0.228 + 0.142 + 430 x 1073 up
0.008 0.011 0.199 0.150 0.155 0.119

DCUN1D5 0.017 £ 0.055+ 0.489 + 0258 + 1.48x 10" UP 0.443 + 0.156 + 1.99 x 1072 UP
0.012 0.027 0.207 0.145 0.198 0.069

NAA50 0.056 + 0.068 = 0.418 + 0.256 + 3.86x 107 UP 0.367 + 0212 + 9.18 x 10°¢ up
0.015 0.014 0.221 0.137 0.193 0.073

PSMC4 0081+ 0.119+ 0428+ 0232+ 876x 10> UP 0.394 + 0.165 + 5.27 x 1077 upP
0.030  0.032 0.164 0.125 0.203 0.069

PSMD11  0.134 4+ 0280+ 0499+ 0270+ 176x107'° UP 0.286 + 0.124 + 455 x 10710 upP
0.059 0.063 0.198 0.134 0.142 0.044

RAN 0.099 + 0.177 £ 0452+ 0.286+ 8.17x10° UP 0.232 + 0.106 + 1.60 x 1074 up
0.034  0.041 0.205 0.138 0.202 0.070

RPF2 0.183 + 0248 + 0375+ 0241+ 541 x107 UP 0.319 + 0.204 + 5.64 x 107* up
0.090  0.096 0.185 0.126 0.203 0.080

TFAM 0302 + 0.361+ 0409+ 0251+ 828x1077 UP 0.444 + 0.256 + 1.08 x 1077 uP
0.058 0.046 0.207 0.126 0.197 0.078

THRA 0791+ 0779+ 0397 + 0632+ 236x 107" Down 0.267 + 0.669 + 433 x 107" Down
0.115 0.107 0.184 0.154 0.167 0.192

TMEM100 0.677 + 0.673 + 0.402 + 0.767 £ 6.16 x 1072' Down 0.047 + 0.184 + 1.85 x 1074 Down
0.118 0.082 0.171 0.124 0.143 0.173

®Expression: Gene expression after normalization. Data are represented as mean + SD.
BP: Paired Student's t test (Comparison of gene expression levels in paired tumor and normal samples).

of the validation results showed that five genes (DCUN1D5, PSMC4, TFAM, THRA, TMEM100) had prognostic significance in both pop-
ulations (Figure 7).

Construction and evaluation of a prognostic signature based on APA

To construct a prognostic profile of APA based on East Asian populations, we retained genes with survival significance in East Asian popu-
lations during the validation phase. The seven genes with independent prognostic APA events were further analyzed using LASSO Cox
regression to screen for the strongest predictive power to construct the prognostic risk score model. Selection of the tuning parameter in
the LASSO model by 10-fold cross-validation based on minimum criteria (Figures 8A and 8B), optimal lambda.min = 0.016. A total of six prog-
nostic genes (DCUN1D5, PSMC4, RPF2, TFAM, THRA, and TMEM100) were identified and APA-based prognostic signature were established.
The following formula was utilized for calculating the risk scores: Risk score = (0.4222x PSMC4 expression level) + (0.1542x DCUN1D5 expres-
sion level) + (0.1769x RPF2 expression level) + (0.5343x TFAM expression level) + (—0.5567 x THRA expression level) + (—0.0474x TMEM100
expression level). We divided patients into high and low-risk groups according to the median of the prognostic model risk scores and built
Kaplan-Meier survival curves (Figure 8C). The OS in the high-risk group was significantly lower (Log rank p = 0.00023). Risk curves with asso-
ciated scatterplots for constructing prognostic model survival are shown in Figures 8D and 8E. The prognosis of the low-risk group was better
than that of the high-risk, with lower survival time and increased number of deaths as the risk score increased. Meanwhile, the risk heatmap of
the expression distribution (Figure 8F) shows that the expression of high-risk genes (DCUN1D5, PSMC4, RPF2, TFAM) increased and the
expression of low-risk genes (THRA, TMEM100) decreased as the risk value increased. The predictive accuracy of the prognostic signature
was further evaluated by the time-dependent ROC in this cohort, with 1-, 2-, and 3-year AUCs of 0.86, 0.81, and 0.71, respectively (Figure 8G).
The results indicate that this prognostic signature has promising predictive power in East Asian populations.

DISCUSSION

In this study, we combined APA events with TCGA and Chinese databases to systematically analyze survival information of LUAD patients,
resulting in the candidate of eleven APA event-related genes as potential prognostic modifiers of their presence in LUAD. Worth mentioning,
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Figure 2. Expression levels of the eleven prognostic candidate genes in LUAD tumor tissues and adjacent non-tumor tissues based on the TCGA
database

(A-K) (A) CT1GALTT; (B) CISD2; (C) DCUN1DS; (D) NAASQ; (E) PSMC4; (F) PSMD11; (G) RAN; (H) RPF2; (I) TFAM; (J) THRA; (K) TMEM100.

in the Chinese population, we found that eight of the eleven candidate genes also showed statistically significant differences in the expression
of the corresponding encoded proteins. As we know, APA may alter the binding of miRNAs or RBPs to target genes by regulating the length
of the 3'UTR, which in turn affects the stability, expression level and translation ability of the target genes. And recent studies have shown that
the shift of 3’ UTRs to shorter isoforms may lead to higher gene translation efficiency.”” While the above eight proteins with differential expres-
sion levels had lower PDUI values in tumor tissues than in adjacent non-tumor tissues, and the expression of the genes encoding seven of
these proteins was upregulated in tumors in concert with the proteins. Moreover, survival analysis revealed that patients in their low PDUI
group had a poorer prognosis. Therefore, we hypothesized that mRNAs with shorter 3'UTRs in tumor tissues might have higher translational
efficiency, which leads to differences in protein expression levels and impacts a range of cellular malignant phenotypic processes, leading to
poor prognosis. However, we found that DCUN1D5, although having a shorter 3'UTR in tumor tissues and more gene expression relative to
adjacent non-tumor tissues, in yet showed downregulation in proteins. This inconsistency between gene and protein expression may be due
to post-transcriptional translational diversity. It is important to know that protein translation itself is a complex multi-step process that is exten-
sively regulated at the level of initiation, elongation, localization and ribosome composition, and the concordance rate between differential
gene and protein expression in tissues is only 40%.”* Therefore, we speculate that DCUNTD5 may be influenced by other complex mecha-
nisms besides splicing and polyadenylation regulation in LUAD and deserves further investigation.
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Figure 3. Expression levels of the eleven prognostic candidate genes in LUAD tumor tissues and adjacent non-tumor tissues based on LUAD databases
of the Chinese population

(A-K) (A) CT1GALTT; (B) CISD2; (C) DCUN1DS; (D) NAASQ; (E) PSMC4; (F) PSMD11; (G) RAN; (H) RPF2; (I) TFAM; (J) THRA; (K) TMEM100.

In the validation phase, we performed validation analyses of eleven candidate genes using the East Asian population cohort and
the USA population, finding that five of these genes had prognostic significance in both populations. These five genes screened for
the prognosis of LUAD patients in different populations, indicating they have good diagnostic power. It is well known that the
occurrence and progression of cancer is a complex multi-stage process, and the prognosis of patients may not be accurately pre-
dicted by a single biomarker alone. However, the prognosis of such cancers has been relatively less studied in Asian populations,
especially in East Asian populations, than in Western countries. Therefore, to construct an APA prognostic signature for the East
Asian population, we retained genes with survival significance in the East Asian population in the validation phase and performed
LASSO regression on these seven genes to construct the prognostic signature. This model assessed the risk score of each patient,
and LUAD patients were divided into high-risk and low-risk groups with significant differences. And the AUCs for the prognostic
signature were 0.86, 0.81 and 0.71 at 1, 2, and 3 years, respectively. This suggests that this prognostic signature has good predictive
power. The six prognostic genes with APA events that constructed this model could provide alternative molecular markers for basic
research related to prognosis in LUAD.

Among these APA genes in the signature, most are associated with tumorigenesis and progression. Research has shown that
DCUN1D5 has oncogenic potential. In oral and lung squamous cell carcinomas, mRNA levels of DCUN1D5 corresponded to protein
levels, and upregulation of expression was associated with decreased disease-specific survival.”* PSMC4 belongs to the PSMC family,
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Figure 4. Kaplan-Meier survival curves for the eleven prognostic candidate genes were plotted by dividing LUAD patients into high and low PDUI value
groups based on the optimal cut-off values for PDUI value

(A-K) (A) C1GALTT; (B) CISD2; (C) DCUNT1DS5; (D) NAA5O; (E) PSMC4; (F) PSMD11; (G) RAN; (H) RPF2; (I) TFAM; (J) THRA; (K) TMEM100; PDUI, the percentage of
distal poly(A) site usage index.

and most genes of the PSMC family are up-regulated in many cancers. For example, in LUAD tissues, there was a significant correlation
between overexpression of PSMCs and poorer overall and recurrence-free survival in LUAD patients, demonstrating that PSMCs are
ideal targets for LUAD diagnosis.”® Furthermore, PSMC4 is not only involved in prostate tumorigenesis but is also considered one
of the best biomarkers for endometrial cancer.”®?” RPF2 is not only overexpressed in colorectal cancer tissues but also associated
with colorectal cancer cell proliferation. It was suggested that RPF2 could activate the AKT/GSK-3p signaling pathway through direct
interaction with CARMT and promote epithelial-mesenchymal transition, thereby enhancing the migration and invasion of colorectal
cancer cells.”® TFAM is a key molecule in carcinogenesis and its protein is the only nuclear-associated protein that functions as a his-
tidine-like factor. TFAM expression levels are up-regulated in various cancers, such as gastric cancer’” and breast cancer.”® Compared
with normal tissues, tumor cells produce more TFAM to adequately compact mtDNA in tumors. The mtDNA in cancer cells is tightly
wrapped by the increased TFAM, resulting in reduced expression of the relevant mtDNA-encoding genes and promoting the utilization
of aerobic glycolysis by tumor cells.*’ The thyroid hormone receptor (THR) is encoded by THRA, which is known to have tumor suppres-
sive effects, and loss of functional THR in mice leads to follicular thyroid cancer.’” Loss of THR expression in clinical samples of hepa-
tocellular carcinoma,® along with a negative correlation of THRA expression in clinical liver cancer specimens.®* The TMEM100 gene
has previously been down-regulated in tumor tissues of LUAD patients. Meanwhile, in vitro functional studies have shown that
TMEM100 inhibits colony formation when overexpressed in transfected lung cancer cell lines, suggesting that suppression of
TMEM100 expression is an essential factor contributing to the development of lung cancer.®>* Although these six genes with APA
events may influence the development and prognosis of some cancers, biological functions played by these APA events in cancer
are not yet precise and deserve further investigation.

Our study has several strengths. First, we used PDUI values to quantify APA events, which clarified the complicated relationship between
APA events and LUAD prognosis more clearly. Second, based on APA regulatory mechanisms, we explored the impact of 3'UTR length and
gene expression values on survival. We used a rigorous logical framework to screen candidate genes associated with prognosis, strength-
ening our predictions. Finally, we validated the ability of candidate genes to identify patient prognosis using dual cohorts and constructed
an APA-based prognostic signature for East Asian populations, enriching the understanding of the prognostic role of APA events in LUAD.

In summary, this study investigated APA events in LUAD patients and screened for prognostically relevant APA events. More importantly,
we constructed a prognostic signature based on APA, which can well assess the OS of LUAD patients. These results not only enrich our un-
derstanding of the role of APA events in LUAD prognosis, but also promise to offer new markers for individualized diagnosis and prognostic
assessment of LUAD, and provide precise treatment for potential targets.
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Figure 5. Kaplan-Meier survival curves for the eleven prognostic candidate genes were plotted by dividing LUAD patients into high and low gene
expression groups based on the optimal cut-off values for gene expression
(A-K) (A) C1GALTT; (B) CISD2; (C) DCUN1DS5; (D) NAA5D; (E) PSMC4; (F) PSMD11; (G) RAN; (H) RPF2; (1) TFAM; (J) THRA; (K) TMEM100.

Limitations of the study

However, there were some limitations in this study. The prognostic model we established was based on a dataset from Japan, representing
only a portion of the population in East Asia. Furthermore, the model requires validation through clinical trials to enhance its clinical value.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

TCGA-LUAD gene expression data and clinical NIH GDC data portal https://portal.gdc.cancer.gov/
information

LUAD genes related to APA events Xiang et al.,2018™° https://doi.org/10.1093/jnci/djx223
Gene expression profiles and clinical Xu et al.,2020'” GSE140343

information of the Chinese LUAD cohort

Proteomics data of the Chinese LUAD cohort Xu et al.,2020"7 iProx: IPX0001804000

Gene expression profiles and clinical Okayama et al., 2012%° GSE31210

information of the Japanese LUAD cohort

Gene expression profiles and clinical Schabath et al., 2016 GSE72094
information of the USA LUAD cohort

Software and algorithms

R (version 4.2.0) The R Foundation https://www.r-project.org
ggplot2 R package N/A

survival R package N/A

glment R package N/A

survminer R package N/A

timeROC R package N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Minjie Chu (chuminjie@ntu.
edu.cn).

Materials availability
The study did not generate any new materials.

Data and code availability

e This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The data analyzed in this study were obtained from The Cancer Genome Atlas (TCGA) database and the Gene Expression Omnibus (GEO)
database. The characteristics of all patients in this study are summarized in Table S2. RNA-seq data and clinical survival information for LUAD
samples were downloaded from the TCGA database and matched with PDUI values to create a reliable APA dataset. Gene expression pro-
files and clinical survival information for three independent LUAD cohorts were obtained from the GEO database.

METHOD DETAILS
Data collection and processing

LUAD genes associated with APA events were obtained from the study published by Xiang et al.,'® containing 13,737 genes. The study was
dynamically analyzed for data using the DaPars algorithm (https://github.com/ZhengXia/DaPars) and against standard RNA-seq from The
Cancer Genome Atlas (TCGA) database to identify APA events. The DaPars algorithm identifies dynamic APAs from standard RNA-seq to
determine alternative proximal poly(A) sites and calculates the percentage of distal poly(A) site usage index (PDUI) for each transcript.
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The PDUl value enables the quantification of APA events into a more intuitive ratio, which is calculated by dividing the isoform expression level
at the distal poly(A) locus by the total expression level of isoforms at the distal and proximal poly(A) loci. The value of PDUl ranges from O to 1. If
PDUl s close to 1, the gene has a longer 3'UTR with more distal polyadenylation sites in its transcript and vice versa. To explore the correlation
between APA factor expression and PDUI for each transcript in the tumor samples, linear regression modeling was performed using
Spearman correlations (Rs). The Wilcoxon test was used and adjusted by the false discovery rate (FDR) using Benjamini & Hochberg to
consider the Prpr<0.05 as statistically significant. |Rs|>0.3 and Prpr<0.05 were defined as significant correlations between APA factors and
transcript PDUL. Finally, 518 LUAD genes significantly associated with APA events were screened. Relevant guidelines and regulations are
carried out for all methods.

Identification of the Feature genes associated with LUAD prognosis

The RNA-seq data and clinical survival information of LUAD samples were downloaded from the TCGA database (https://portal.gdc.cancer.
gov/) and matched with PDUI values to generate a reliable APA dataset. In order to evaluate the association between APA events and overall
survival (OS), survival analysis was performed on the dataset to identify survival-related APA events. The optimal cut-off value for the PDUI
value was determined using the "surv_cutpoint” function of the R package "survminer”, which determines the most significant cut-off value
for survival by using the maximum selected rank statistic information from the "maxstat" package (http://r-addict.com/2016/11/21/Optimal-
Cutpoint-maxstat.html). PDUl values were cut by the optimal cut-off value and all patients were divided into a low PDUI group and a high PDUI
group. Survival curves were plotted by the Kaplan-Meier method and compared between the two groups using the Log rank test. Survival
analysis of gene expression data was performed to screen for further prognosis-related genes. The expression was divided into high and
low groups based on the optimal cut-off values. Survival curves were also plotted using the Kaplan-Meier method. Only Log rank p < 0.05
were selected for further analysis to obtain APA events with a good prognosis.

Differential profiling of mRNA expression levels between tumor tissues and adjacent non-tumor tissues was performed to obtain differ-
entially expressed genes. A total of 106 pairs of LUAD tumor tissues and adjacent non-tumor tissues were analyzed, including 57 pairs
from the TCGA database and 49 pairs from the LUAD database of the Chinese population.'” Due to the different databases of genes
with different expression ranges, in order to make reliable and meaningful comparisons of gene expression. Therefore, we balance these
values by the min-max normalization procedure, which converts them to the range (0, 1). Using p < 0.05 and fold change (FC) > 3/2(cases/
controls:> 3/2-fold upregulated or<2/3-fold downregulated) as screening criteria. Candidate LUAD prognostic genes with APA events
were obtained by overlapping the genes screened from the two databases. In addition, the proteomic data of 103 pairs from the LUAD data-
base of the Chinese population'” were analyzed to investigate the expression of candidate gene-related proteins.

Validation of candidate prognostic genes

We downloaded the gene expression profiles and clinical survival information from the East Asian population cohort study”® and the USA
population cohort study’’ from GEQ. The East Asian population cohort included 226 patients from Japan with prognostic information for
LUAD, 22 of whom were excluded because they received chemotherapy and/or radiation therapy, resulting in 204 patients being included
in this study. A total of 331 patient samples were included in the USA population cohort after removing samples with missing clinical infor-
mation. The COX regression analysis was used to assess the correlation between each candidate prognostic gene in the GEO cohort and the
survival status of LUAD patients, adjusting for confounding variables that may affect survival outcomes, namely age, sex, race, and smoking
status. Finally, prognostic genes based on APA events were validated.

Establishment of APA-based prognostic signature

The least absolute shrinkage and selection operator (LASSO) regression was constructed to select the most valuable prognostic factors. The
patient’s risk score was calculated based on the expression level of the gene and the corresponding lasso factor. The risk score was calculated
as: risk score = >"exp(i) X coef(i). After obtaining the risk score for the prognostic model, patients in the dataset were divided into high and
low-risk groups by median and Kaplan-Meier survival curves were plotted. The area under the curve (AUC) of the receiver operating charac-
teristic (ROC) was calculated to assess the predictive power of the risk score for 1-, 2- and 3-year survival.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses in this research were performed using R software (version 4.2.0). Kaplan-Meier survival curves were plotted using the
"survival" package in the R and the Log rank test was used to compare OS between the two groups. Paired Student’s t test were used to
compare mRNA expression levels in tumor tissue and adjacent non-tumor tissue between groups. The "Coxph" function in the "survival"
package was used for COX regression analysis, and the LASSO regression was constructed using the "glment" package. The packages "surv-
miner" and "timeROC" were used to calculate AUC for the ROC. All statistical tests were considered statistically significant at p < 0.05.
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